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Vacancies in SiC: Influence of Jahn-Teller distortions, spin effects, and crystal structure
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We present results dfrst-principlescalculations for the neutral and charged Si and C monovacancies in
cubic (3C) and hexagonal4H) SiC. The calculations are based on the density functional theory in the
local-density approximation as well as local spin density approximation. Explicitly a plane-wave-supercell
approach is combined with ultrasoft Vanderbilt pseudopotentials to allow converged calculations. We study the
atomic structure, the energetics, and the charge- and spin-dependent vacancy states. The generation of the
C-site vacancy is generally accompanied by a remarkable Jahn-Teller distortion. For the Si-site vacancy only
an outward breathing relaxation occurs due to the strong localization of the C dangling bonds at the neighbor-
ing C atoms. Consequently, high-spin configurations are predicted for Si vacancies, whereas the low-spin states
of C vacancies exhibit a negatiyg-behavior. In the case of hexagonal polytypes, the crystal-field splitting of
the upper vacancy levels does not principally modify the properties of the vacancies. The inequivalent lattice
sites, however, give rise to site-related shifts of the electronic s{®6463-18209)07323-3

I. INTRODUCTION tron paramagnetic resonan@PR spectra of this defect are
characterized by an isotropigfactor. This fact may be in-
To a great extent the electrical and optical properties oferpreted in two different mannet3®*(i) The Vg, vacancy
semiconductors are governed by native defects, which alsis in a low-spin state $=1/2, like in the case of pure sili-
exhibit interesting physics of their own. The monovacancieson), and a dynamical Jahn-Teller effect gives rise to the
in silicon carbide(SiC) are prototypical systems in this re- isotropy of theg factor. (i) The vacancy ground state is a
spect. In SiC the situation is markedly different from thathigh-spin §=3/2) orbital singlet statéA,. It would dem-
encountered in common semiconductors like silicon. Beonstrate the importance of exchange interactionsvgr, in
cause of the stronger chemical bonding in this hard comagreement with the monovacancy in diamdh&ecent elec-
pound, the mobility of such point defects is reduced. Theytron spin resonancéeSR and electron nuclear double reso-
are thermally stable at room temperature, and far above. Nance(ENDOR) studied®favor the latter interpretation.
Vacancies can easily be created at the atomic sites by The understanding of the electronic structure of the va-
electron, proton, or neutron bombardm@fthey usually in- ~ ¢ancies is poor. Deep level transient spectrosc@yTS)
troduce energy levels in the fundamental energy gap andRef. 12 found that a cubic SiC film is free of deep levels in
hence, can exist in different charge states. Consequently, tf8e upper third of the band gap. However, other autfiors
vacancies influence the doping efficientcyFor instance, ©Observed two levels at 0.34 and 0.68 eV below the
more than 40% of the Al acceptors ntype SiC epilayers ~conduction-band -~ minimum (CBM). Photoluminescence
are compensatetf studied*~'® also indicate the existence of vacancy-related
The two types of vacancies, the silicon-site one within thedeep levels in the fundamental gap. A tight-binding calcula-
charge state (V1) and the carbon-site on&/fl), behave in  tion in the framework of a one-electron theb7r§7_83.hows the
a different manner. Due to the lack gf electrons in the existence of states within the band gap. Existing more so-

carbon core the dangling bonds arowg} are strongly lo- phisti_cated c_alculations in th_e framework of _tlab initio_

calized at the neighboring C atoms. On the other hand, Corgen_sny-functlonal thepryDFT) In the Ioc;al—densny approxi-
sidering the characteristic distances in SiC the Si-dangling ation (LDA) 90 not |n30Iude either spin effetsr the lat-

bonds aroun&/d are rather extended. The distance 3.09 A of ice relaxatiort’ or both:

two neighboring Si atoms is only slightly larger than theirVa(;r;'necizgsslCf(lrﬁgitg;fegfgyihgggzgﬂnacgcé ESS@ rpt)lizfnogf
bond length of 2.35 A in pure silicon. Therefore, like in the the compound. More than 200 SiC polytypes have been

case of a vacancy in Si, carbon vacancies in SiC should b . 9 .

. . ; : etermined?® The most extreme polytypes are zinc blende,
candidates for a symmetry-lowering distortion of the SUr-2- Sic. with bi Ki f the Si-C bil :
rounding lattice in order to gain energy via formation of >, IC, with pure cubic stacking of the Si- iayers in

€L_lll] direction and wurtzite, 2H-SiC, with pure hexagonal

dimerlike bonds between neighboring Si atoms. Indeed, me Stacking in[0001] direction. The other polytypes represent

su+re?ments' show that the positively charged carbon VacanﬁYexagonal(H) or rhombohedralR) combinations of these
Vc is subject to such a Jahn-Teller distorfieand calcula- stacking sequences withSi-C bilayers in the primitive cell.

tions indicate the same behavior #d¢ .° Moreover, it seems  gegides 3C-SiC the technological important polytypes are
that the resulting energy gain due to the Jahn-Teller effect i§py_ and 6H-SIC with four or six bilayers and, hence, eight or
much larger forvg compared toV{ so that a negativer twelve atoms in the corresponding unit ¢,

behaviof occurs®® In contrast, the single negatively charged  The different stacking of the Si-C bilayers does not only
silicon vacancyg; shows no symmetry lowering. The elec- remarkably influence the properties of the SiC crystals but
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also those of the defects. The indirect band gap varies in potentials and the plane-wave expansion further, calculations
wide range from 2.4 eM3C) to 3.3 eV (2H).?! Conse- were also performed on the main bulk polytypes of silicon
qguently, the position of the vacancy levels should vary fromcarbide. We found not only reasonable values for their total-
polytype to polytype. A second problem arises from tif2  energy differences but also for the extremely small internal
inequivalent Si and C atomic sites in the hexagonal unitell relaxation?3°
cells. Because of the crystal field, their positions parallel to The exchange and correlation energy per electron is de-
thec axis are not fixed by the lattice constarf® Moreover,  scribed by the quantum Monte Carlo results of Ceperley and
the stacking gives rise to two hexagonal bilayers and ( Alder®! in the parametrization of Perdew and Zungfetn
—2) cubic bilayers. Consequently, in 4H there are two in-order to avoid partially errors due to the use of frozen cores
equivalent atomic sites with either hexagona) r quasicu- nonlinear core corrections to the exchange-correlation
bic (k) character for each atom sort. energy” are included in the generation of the pseudopoten-
Our aim is to study the electronic and atomic structure agials. In the spin-polarized case the correlation energy for
well as the spin state and the energetics for monovacanciegtbitrary polarization is determined by using the same inter-
In particular, we want to investigate whether the differentlypolation between the nonpolarized and fully polarized case
charged vacancies become important defects in SiC for cems for the exchange enerdgtandard interpolatioff) The
tain experimental conditions characterized by the Fermifesulting single-particle Kohn-Sham equatithare solved
level position(doping and the stoichiometrgsample prepa- using a band-by-band residual minimization metfo@he
ration). The electronic energy levels are derived with respecKohn-Sham eigenvalues are taken to interpret the bulk band
to the band edges and the orbital and spin characters of tisfructures and the vacancy levels. They do not account for
associated system states are discussed. The influence of tiiwe excitation aspect and, hence, underestimate the excitation
polytype is also investigated. The cubfzinc blend¢ 3C  energies of the systef*® The energy gaps resulting within
structure with space groupj and the hexagonal 4H crystal the DFT-LDA of 1.33 eV(3C-SiQ and 2.23 eV(4H-SiO),
with space groulﬁ:év are considered as the prototypical SiC respectively, are much smaller than the experimental values
polytypes. For these purposes we perfaain initio total-  Of about 2.39 and 3.27 eV at low temperatufes.
energy calculations for the vacancies in different charge
states and at different atomic sites. All atoms are fully re-
laxed and the spin-related exchange-correlation effects are
also taken into account. In order to model the vacancies in the framework of the
The paper is organized as follows. The computationadescribed pseudopotential-plane-wave method we apply a
method and formulas are presented in Sec. Il. In Sec. Ill, &upercell method. In the case of the cubic polytype our con-
detailed analysis of our results is given and the differenivergence tests showed that a simple cuiba: supercell with
properties of the vacancies and the underlying physics aré4-atomic sites is almost sufficient to describe the energetics.

B. Supercells and k-space summation

discussed. Finally, a summary is given in Sec. IV. Nevertheless, we have done calculations for a face-centered
cubic (fcc) 128-atom supercell and for a sc arrangement of

Il. COMPUTATIONAL METHOD 216-atom supercells. The vacancies are created by leaving
) ) one atomic site empty within one supercell. In these artificial

A. Total energies and Kohn-Sham eigenvalues crystals the distance of two neighboring vacancies amounts

Our calculations are based on the density functionaD=2a,=8.66 A, D=2.2a,=12.25 A, or D=3a,
theory (DFT) (Ref. 23 in the local density approximation =13.00 A, for the 64-atom, 128-atom, and 216-atom super-
(LDA) or local spin-density approximatiofi. SDA).2* Only  cell, respectively.
valence electrons are explicitly considered. Their interaction In order to model the vacancies in the hexagonal 4H poly-
with the atomic cores is treated by non-normconsendbg type the elementary cell of this crystal is enlarged in the
initio Vanderbilt pseudopotentiafs.They are implemented directions vertical to the axis. The primitive basis vectors
into the Viennaab initio simulation package’®?’ A slightly  are increased by a factor of 3 or 4, which results in two
modified version of the Rappe-Rabe-Kaxiras-Joannopoulokexagonal supercells with 72 and 128 atoms, respectively.
schemé& s used for the construction of the pseudopoten-The creation of one vacancy on a lattice site gives rise to a
tials. In almost all cases of elements it leads to the softestacancy-vacancy distance Bf=c=10.01 A parallel to the
possible pseudopotentials. This happens also for silicon, ak axis andD=3a=9.18 A perpendicular to the axis for
though it is more important for the first-row element the 72-atom and=4a=12.24 A perpendicular to the
carbon?® The pseudopotential scheme used allows the exaxis for the 128-atom supercell.
pansion of the single-particle wave functions into a plane- The supercell approach is also used to simulate different
wave basis set. It is restricted by a kinetic energy cutoff ofcharge states of the vacancies. In these cases electrons are
13.2 Ry. This restriction corresponds to about 55 plane@emoved(or added from (to) the supercell tdfrom) a non-
waves per atom. The pseudopotentials and the cutoffs weiiateracting reservoir level, where they do not contribute to
tested by calculating the lattice constants and bulk moduli othe exchange-correlation or Hartree potential except through
the SiC polytypes. The lattice constants were reproducethe zero-Fourier component of the charge density. In other
within 1.5% of experimental values and the bulk moduli towords, a rigid background charge density smeared out over
within 6% of the best experimental valu&sThe cubic lat-  the entire cell is introduced in order to neutralize the super-
tice constant of 3C-SiC amounts &=4.332 A, whereas cell.
the two hexagonal lattice constants of 4H-SiC ae The periodic arrangement of supercells including a va-
=3.061 A andc=10.013 A. In order to test the pseudo- cancy in sc or fcc Bravais lattices means that the wave vector
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running through the Brillouin zonéBZ) of the correspond- described by their chemical potentik+E,,, if the Fermi
ing reciprocal lattice gives a set of good quantum numbergnergyEr is measured relative to the valence-band maxi-
for the characterization of the single-particle states. Impormum (VBM) E,,.
tant quantities such as the total energy and the electron den- We adapt the formalism by Zhang and Northrgt low
sity contain BZ summations and are performed by using aemperatures the formation energy of a vacau@yis given
special-point techniqu¥. Usually, in the cubic case, a by
4X4x4 mesh is used for the 64-atom, and & 2X 2 mesh
for the 128-atom and 216-atom supercell arrangements. In Q(V$, ux,Er) =Ewoi( VY) — Nu28+ s+ q(Ey + Ef),
the hexagonal case we use &2X2 mesh for both super- (€N)
cells. The results are, however, checked also fox83 3 k
point set. q

The supercell method introduces an artificial interaction™ : ) . . . : )
between vacancies in adjacent supercells. This effect caus¥dth N Si-C pairs. Their chemical potentmlgﬁ’(':.k is defined
a dispersion of the defect-related energy levels in thebgapPV the total energy of thei-atom supercell divided by the
Consequently, one gets defect bands rather than defect leQumber of pairs. In the thermal equilibrium it holds
els. Therefore, in the paper we present only results for the bulk_
large 216-atom(3C) and 128-atom(4H) supercells. How- Msic = Msit ke 2
ever, even for the largest supercells used the dispersion remder extremely Si-rich or C-rich preparation conditions the
mains important for calculations concerning single charge¢hemical potentials of the individual atoms approach the cor-
vacancies Y * or V") and operating with more than ofke  responding bulk valuegsy= 2" (X=Si,C). Therefore, it
point in the irreducible part of the BABZ). In these cases, s convenient to consider deviationmx=,ux—,u§’<“'k from

due to the spin-degeneracy, the uppermost occupiefect-  age values. Their allowed range is determined by the heat
related energy band is only half filled. Therefore, vacancy ¢ tormation of the SiC compound

states at differenk points are not occupied uniformly, as it
would be the case for the isolated vacancy. Instead, the band AHp= ™+ = 2. ©)
is only filled atk points where the lowest eigenvalues occur.
This mechanism would favor the single charged vacancie$he calculated chemical potentials of the pure bulk crystals
compared to charge states with completely filled defecbf the constituents areul!'"=2.38 eV and ulU*=
bands. For that reason, we introduce a constraint in the cal-1.80 eV with respect to the valugu2i¥. The total-
culations with more than onle point to ensure the uniform energy difference between diamond and graphite is small
occupation of the defect bands. enougR® to prevent a serious error in the formation energy

In order to include the spin influence the LSDA calcula- of SiC. We evaluated it to bAH;=0.58 eV independent of
tions are performed starting from the atomic geometries opthe polytype®® This value is slightly smaller than the mea-
timized within the LDA. The BZ sampling is, however, re- sured heat of formationAH;=0.72 eV?° and a calculated
stricted to thel’ point. This is suggested by the splitting of nhumberAH;=0.75 eV The differences indicate the un-
thet,-related defect bands due to the vacancy-vacancy inteiertainties in the experimental determination and, respec-
action outsidd’, even for the cubic case and keeping The  tively, computation of this thermochemical quantity. In ac-
symmetry. When this splitting at finite points overcomes cordance with the preparation conditions the fluctuations of
the spin-induced level splitting, the formation of high-spin the chemical potentials of the two constituents vary between
vacancy states will be suppressed artificially.IAand keep-  C-rich conditions, i.e.A usi= — AH; (Auc=0), and Si-rich
ing the localT4 symmetry the defect-relateg-bands remain  conditions, i.e.Ausi=0 (Auc=—AH;). For convenience
threefold degeneraté@with spin sixfold and, therefore, be- we introduce the differencé u=A usi— A uc, which varies
have as the, levels of an isolated vacancy. The exchange-petweenA u=—AH; (C-rich) and A w=AH; (Si rich).
correlation effects can lead to a separation of theand According to Eqg.(1) the formation energy of a charged
ts-levels and, hence, to a preferred filling of one of the spinvacancyV$ depends on the chemical potent&|+ Eg of
orbitals in dependence on the charge state of the vacancy.the electrons. Its absolute value is governed by the position
of the VBM, Ey, in the defect supercell. The definition of
this reservoir level is accompanied by three problems.

(i) In a supercell calculation, due to finite-size effects, the

In the thermal equilibrium the concentrations of the va-position of the VBM in the defect supercells of different
canciesV§ are determined by their formation energi®s. charge states differs from its position in the perfect crystal.
They depend on the chemical potentia} of the atomX  Therefore it is necessary to estimate the proper lineup of the
=C,Si, which is removed from the corresponding lattice site energy levels in order to get the position of the VBM in the
and the charge statgof the generated vacancy. The chemi- defect supercell. For such an alignment we use the lowest
cal potentialuy allows us to model every possible stoichi- s-like energy level, i.e., the lowest valence band at kthe
ometry, more strictly the preparation conditions during thepoint, because the correspondistike eigenstate should be
vacancy generation. The five different charge states are lanfluenced by the presence of a vacancy in a similiar manner
beled bygq=+ +,+,0,—, and— —, i.e.,, (2—q) defines the as the averaged potential. The band structures of the defect
number of electrons occupying the-derived defect bands. supercells are shifted by an energy amount which brings
The lower-lying a; bands are always occupied with two their lowest energy levels &tin coincidence with that of the
electrons of opposite spin. The reservoir of the electrons iperfect crystal. This shift depends on the size of the supercell

whereE,(V}) is the total energy of the defect supercell in
uestion. The vacancy is generated in an ideal bulk system

C. Formation energies and charge-dependent defect levels
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and on the size of the open volume in the neighborhood oideal supercell and that within the charge stqte+ (q=

the vancant site. It is strongest for the Si vacancy in its—). As expectetf-**the resulting values are practically iden-
double positively charged state and, due to the Jahn-Tellafcal with the corresponding Kohn-Sham eigenvalues taking
distortion, smallest for the C vacancy in its neutral chargeinto account the band dispersion. In the case of the 64-atom
state. However, the variation of the shift with the charge statge||, where we use four mesh points in the IBZ, we find a
of the vacancies is only weaK.01 eV forVc and 0.04 eV mean value. In the case of the 216-atom cell with only a
for Vs in a sc supercell with 216 atomswhereas the aver-  single mesh point in the IBZ we end up with the Kohn-Sham
aged total shift amounts to 0.03 eV fof. and 0.1 eV for eigenvalue at this particuldr point.

Vsi. Therefore, we have applied these averaged shifts in the (iii ) In the chemical potentidt, + Er in Eq. (1) the Fermi

explicit calculations but have neglected the fluctuations du%nergyEF varies in order to simulate the doping level of the

to thed charge stgte. \tNeGhavg als?j cNhect:rl](f%d tne a"t%nme@ystal under consideration. For stripttype conditions it
procedure according 1o f>arcia an orthrupyhere the holdsE-=0. In the case of striat-type doping the chemical

VBM value from the bulk supercell calculation is corrected tential should be identified with the conduction-band mini-
by the difference between the average electrostatic potentiglO .
um,Ec. In other words, it hold&g=E4 where the energy

in a bulklike environment of the defect supercell and the™ CE-—E
=Ec—EBv.

average potential in the ideal bulk supercell. We found &3P iS given byEg _ _ _
similiar alignment as described above. In the case of the negatively charged vacancies, which

(i) The absolute valu€, can be defined in different _should occur in then-type doping case, extra electrons_are
ways. We have calculated the position of the VBM by meandnvolved. We relate the total energies of the negatively

of the same total-energy method as used for the differenceharged vacancies to the corresponding védge By means
Eoi(V9) — N2 in Eq. (1). Strictly speaking, the valug,  Of relation (3) and the definition of the fluctuations of the

SiC . . . .

(Ec) is calculated within the delta self-consistent field chemical potentials the formation energy in E#j) can be

(ASCF) methotf as the difference of the total energy of the written as §=++,+,0,—,——):

|
q gy -
Qi(Vx A, BEp) =E(V3) =5 Au+q[O(q)Er+O(—a)(Er—Eg) ], 4
q q L obuke L buk_ buik

E(V)=Eio(Vx) +A[O(Q)Ey+O(—Q)Ec]—| N= 5 Jusic £5(ksi —#c ) 5

where the uppefiower) sign is valid for the SiC) vacancies. Then, using Eq.(1) one has to solve)(V3™! Awu,Ef)

The energyE(VY) is independent oA x andEr. =Q¢(VY,Au,Eg) with respect toEg. One finds for the
Removing(or adding an electron frontto) the supercell acceptor ionization level

to (from) a reservoir level corresponds to a single-particle

excitation. For that reason, the excitation aspect has to be — q+1y_ qy_

taken into the calculation dEy. Unfortunately, theASCF ealdt 1) =Bl Vi)~ B Vi) — By ©

method?’. does not give the correct gap energy since the coreqy instance, forq=—1 the acceptor excitation energy

responding Bloch states'arestgxtended over the whole super- (o/—) gives the energy that is necessary to bring a single

cell. Self-energy calculatiods**would be helpful. They are  hegatively charged vacancy in its neutral charge state. There-

already done for different SiC polytyp&3Plotting the for- fore, £4(0/—) formally measures the energy to bring one

mation energies over the width of the fundamental gap, W&ectron from the vacancy into the valence bands.

use the experimgntg\ll valugg=2.39 eV(3C-Sig andE, Acceptor ionization levels may be traced back to donor
=3.26 eV(4H-SiC). ionization levels

The resulting formation energy depends on the vacancy
V{, the preparation conditionsu, and the doping levef . _ e _
Néglecting the effects due to the formation entropy, which oo(q= 1) =Ey=eala/q—1)
are small compared t0; itself, the equilibrium concentra- =Ec+Eioi( VY —Eoi(VE D), (7)
tion of a defect is given byc(V§)=Ngexp(—Q;/kgT),
whereNjs is the concentration of the sublattice sites. It holdswhere the first numberg(— 1) characterizes the charge state
N,=5.0x 10?2 cm 3 for SiC rather independent of the poly- of the vacancy in the initial state and the second one after
type. excitation of one electron into the CBM. For instance, for

The acceptorlike ionization levelg) ¢ 1/q) of a vacancy g=0 the donor excitation energyp(—/0) defines the en-
are independent of the preparation conditions, i.e., the actuargy that is needed to bring one electron frony,alerived
value of the chemical potentiglg; or wc. They are defined vacancy level into the conduction band. Consequently, it
as the position of the Fermi levéle at which the charge holdsep(—/0)+e4(0/—)=E,. Explicitly, in the following
state of the considered defect changes frgml to q.*®  we use the representation:
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TABLE I. Geometry and total energy of charged monovacanefe@ 3C-SiC. The local symmetry, the
relaxation parametets and p, (in percentage of the bulk bond length, cf. Fig, &nd the distance of two
nearest-neighbdiNN) atoms of the vacancy are given. The two different values indicate the pairing mecha-
nism. The total energy given in E¢G) which is independent of stoichiometry and doping is listed. Energy
values in parentheses include spin-dependent exchange-correlation effects.

Vacancy Symmetry b (A) p; (A) NN distance(A) Total energy(eV)
Ve o Doy —0.06 0.21 2.72, 3.10 4.2@.22
Ve Doyq ~0.06 0.20 2.74,3.11 4.26.26
v Dog ~0.05 0.20 2.75, 3.1 4.30430
Vg Doy 0.05 0.09 3.20, 3.04 2.9.89
Vg+ Ty 0.12 0.00 3.26 1.171.17
Vo Ty 0.16 0.00 3.32 6.976.72
Vg; Ty 0.16 0.00 3.32 7.707.17)
Ve, Tq 0.17 0.00 3.34 8.698.45
Vgi Ty 0.18 0.00 3.36 8.088.02
Ve Ty 0.21 0.00 3.40 7.687.68
[Etot(V)+0EC]—[Ei(VX D +(q-DEc],  q=-1,0
ep(q—1/q)= (8

Eg+[Etot( V) +AEy]—[Ewo( VY H+(q—1)Ey], gq=+1,+2

In the following we restrict ourselves to the donor excitationwhere %ngu represents the electron-electron interaction
levels ep(q—1/g) in Eq. (8). They may formally be inter- counted twice in the band-structure enengye(ng). The
preted in a single-particle band picture. In this picture theysingle-particle vacancy levele(n,) is also charge
give the energetical distance of a certain defect level charagependent? The definitions in Eq.(10) fulfill the Janak
terized by the pairq—1/q) to the CBM. The positions of {heqrenp? &(Ng) = I o(VY)/dn,. Replacing the terms on

these levels allow an easy characterization of the defect, if,q right-hand side of Eq9) by expressior(10), it follows
our case the vacancy, as a donor, an acceptor or none g equality to the Hubbard parameter. '

them. One ha§) a pure donor, when the levaj{g+ 1) lies

in the gap but not d—1/q); (ii) a pure acceptor, if(
—1/g) lies in the gap but notq/q+ 1); (iii) an amphoteric
defect, i.e. the center is both a donor and an acceptor, if both
levels @—1/q) and @/q+1) are found within the funda- A. Geometry

mental gap. _ _ Important results of the total-energy minimizations within
_In the case of an amphoteric centé§ the energetical 516 atom supercells are summarized in Table | for the C-

distance of the two levelsy(-1/9) and @/q+1) character-  anq si-site vacancies in different charge stajés 3C-SiC

izes the interaction of the electrons occupyingthelerived  crystals. The data obtained with a 64-atom supercell are

vacancy states. Because of the localization of these states,jgarly the same. This holds particularly for the geometry

may be represented by an effective Coulomb integral, a sqyarameters. The total energies may change by an amount of

IIl. RESULTS AND DISCUSSION

called Hubbard energy.” It holds about 0.3 eV. In the first step spin effects are omitted and the
optimizations are performed within the LDA. Within the ac-
U=ep(a/q+1)—ep(q—1/q) curacy of the determination of the minimum of the total en-
_ ergy and, hence, vanishing Hellmann-Feynman forces onl

—Eo VI )+ E(VE D= 2E(V). (@9 9 J 4 Y

the local symmetrie®,4 (for V&, apart fromv{ ") and Ty

This definition of the Hubbart) parameter can be motivated (for V&) occur. If local minima are found for the two other
also in another way dividing the total energy of the vacancyP0ssible symmetrie€;, and Cy, , then they are higher in
system approximately into a contribution of the twofold €nergy and therefore not discussed here.

positively charged vacancy and a contribution due torthe In our calculations C-site vacancies in 3C-SiC do not re-

—2—q electrons occupyind,-derived levels with energy ally existin negatively charged states. This might be due to
e(ny). One obtain®® the underestimation of the energy gap within the DFT-LDA,

which prevents the occurrence of defect-related energy levels

1 in the upper region of the fundamental gap. Instead, the ex-
Etot(V§)=Etot(v;+)+nqg(nq)—§ngu, cess electrons necessary to create negatively charged va-
cancy states occupy the lowest lying conduction-band states,

(10 i.e., we model neutral vacancies with additional electrons in

e(ng)=¢(0)+nyU, the conduction band rather than negatively charged C vacan-
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[ B seem to overlap already remarkably at distances of 3.06 A,
. B, i.e., in the unrelaxed atom configuratidn.
5P . Removing another electron, changing over to the double
P, positively charged C vacancy, the outward breathing relax-
% ation increases and the pairing mode disappears completely.

Only two electrons which occupglike defect states with

energy levels within the valence bands are located at the
vacancy. They do not force any kind of bonding, and, con-
sequently, there are no driving forces for a symmetry-

;;;;

B0 lowering pairing of atoms or another sort of Jahn-Teller dis-
/B’ B, P 5, tortion. _ _ _
Exactly the latter mechanism dominates the atomic relax-
P, ations around the Si-site vacancy for any charge state, not
E only the doubly positive one as in the case of the C vacancy.

Due to the strong localization of the €and C2 orbitals
FIG. 1. Possible relaxations of the atoms 1, 2, 3, and 4 arounthe dangling bonds located at the nearest-neighbor carbon
the vacancyb characterizes the outward breathing mode parallel toatoms in a distance of 3.06 A in the ideal SiC crystal cannot
a body diagonaf111], [111], [111], or [111]. The pairing mode substantially overlap. Therefore, the only energy gain is re-
componenp; is pointing alond 122], [112], [112], or[112]. The  lated to a shortening of C-Si bonds between first- and
vectorsp, orthogonal to the previous two indicate a further reduc-Second-nearest-neighbors of the vacancy, accompanied by a

tion of the local symmetry. significant outward breathing mode. It increases with the re-
duction of the number of electrons from 0.16 &d") to
cies. For that reason the relaxation patterngrandV ~ 0.21 A (v£"). Simultaneously the distance of two C neigh-
is nearly identical with the relaxation &f2, as can be seen bors of the vacancy also increases from 3.32 A to 3.40 A.
in Table I. Summarizing the structural results, there is a pronounced

Two relaxation parameters are given in Table |. They deJahn-Teller effect with a symmetry reduction in the case of
scribe the displacements of the four nearest neighbors of th@ye neutral carbon vacanoxfé. The effect is weakened for
vacancy (cf. Fig. 1. The parametetb characterizes the v and vanishes foM{ . In our calculations the carbon
breathing mode. The atoms move towards or away from thgacancy does not exist in negatively charged states. For sili-
position of the missing atom parallel to aobOP'y diagonal,con vacancies no Jahn-Teller distortion occurs independent
keeping the local’y symmetry unaltered. Forc this param-  of their charge state. THE; symmetry is conserved and the
eter is negative, indicating an inward relaxation of the neighhasic mechanism is an outward breathing relaxation which

boring Si atoms. Additionally, the system might gain energyincreases with decreasing number of electrons located at the
by a symmetry-lowering pairing mode, described by the pas;j vacancy.

rameterp;. Two neighboring atoms of the vacant site move
towards each other in a plane parallel to one of bl _
planes and form a dimerlike bonding configuration, thereby B. Energetics
reducing the ideal tetrahedral symmetry to a local tetragonal According to the definition in Eq(5) the total energies
D,q Symmetry. This is exactly what happens fg. The E(VY) in Table | are given with respect to the bulk
pairing mode parametep;=0.20 A is quite large. The conduction-band edgg. or valence-band edd®, in depen-
costs in energy to distort the crystal locally are overcome byjence on the charge state of the vacancy in 3C-SiC. They are
an energy gain due to the overlap of dangling bonds anghdependent of stoichiometry and doping and define the
formation of new dimerlike bOﬂO%.The dimer bond Iength Hubbard energy) according to Eq(g) For the Si vacancies
of 2.75 A is remarkably shorter than the ideal Second'one estimates the values=0.21 and 0.26 e\(Without Spin-
nearest-neighbor distance of 3.06 A in SiC and approachegependent exchange-correlation effgéts the positively or
the bond length of 2.35 A in pure silicon. negatively charged systems, i.e., a weakly repulsive electron-
If one removes an electron fronf, forming a positively  electron or hole-hole interaction. The situation changes dras-
charged C-site vacancy(, the breathing mode changes tically for the positively charged carbon vacancies. One finds
drastically from an inward to an outward relaxation, i.e., thea negatived behavior with U=E (V") +Eioi(V2)
nearest-neighbor atoms move away from each other and thegEtot(Vg): —0.35 eV. The situation is similar to that in
system lowers its energy by a shortening of the bonds beyyre silicon. There, a strong negatile- behavior is
tween first- and second-nearest-neighbors of the vacancy. Wredicted* and observett for positive monovacancies. It is
addition, a pairing mode relaxation which, on the other handmainly due to the strong Jahn-Teller distortion in the case of
reduces the distance between the two pairs of nearest neigie neutral vacancy.The pairing of the neighboring Si at-
bors, occurs. These two tendencies result in a configuratiogms lowers the total energy significantly. As a consequence,

where the paired atoms have shortened their distance bytfie effective electron-electron interaction appears to be at-
small amount of 0.02 A, whereas the distance to the othefractive.

two atoms is increased by 0.14 A. It shows that the system The relation

has the capability to gain energy by charge redistribution

even for quite small changes in the interatomic distances, i 0 N

because the dangling bonds at the nearest-neighbor Si atoms Etot(Vc )+ Etot(Ve) <2Eior(Ve) (11)
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FIG. 2. Formation energy of @solid line) and Si(dashed ling vacancies in 3C-SiC as a function of the preparation conditions
(differenceA u of the chemical potentialsand the Fermi-level positioE .

implies that thev{ carbon vacancy is metastable. The reac-defect creation into the reservoir with the corresponding
tion 2V{—V2+ V(" gives rise to a lowering of the system chemical potential is generally higher in the carbon case.
energy. Nevertheless, single positively charged C vacancies Under equilibrium conditions, in thp-type limit the car-
have been observed by means of ESR peype 3C-SiC  bon vacancy is a double donor, regardless of stoichiometry.
irradiated with protond.The D,4 symmetry and the low-spin For moderate doping the neutral C-site vacancy is the most
state agree with our predictions. We trace back the experfavorable one. Whether or not negatively charged states may
mental observation o¥/¢ to the situation of the irradiated ©ccur forn doping cannot be clearly answered by our calcu-
crystal far from thermodynamic equilibrium. The electron lations. The favorization of the double positively charged
transfer between tw/¢ vacancies is prevented. This inter- carbon vacancy/¢ " in a wide range of doping levels agrees
pretation is supported by annealing experiments. The defeyith results of previous pseudopotential-plane-wave
center disappears above a temperature of 100°C and abo‘%l’i"CL!""‘“0”§ but contradicts the findings from non-self-
80% of the initial amount is lost after 200°C anneafing ~ consistent .calculanorFQ. It may explain why “as-grown”

The calculated vacancy formation energies for the differcubic SIC is always weakly type as well as the lowered
ent charge states of C-site and Si-site vacancies are shown@oping efficiency of acceptofs’®40-60 % of Al acceptors
Fig. 2, resulting within the 216-atom cell and DFT-LDA are compensated iprtype epilayers.
calculations. The electron chemical potentigl is tuned
from the VBM (Ex=0) to the CBM Er=E), where the
experimental value is used f&y. The preparation condi-
tions are described by a variation of the difference of the The differences of the total energies given in Table | de-
fluctuationsA u= A usi— A uc of the chemical potentials of termine the ionization energies of the vacancies. The results
the constituents. Figure 2 clearly indicates the favorization obbtained according to E8) are represented in Table Il and
the occurrence of the carbon vacancies versus the silicoim the level schemes of Fig. 3. The resulting level schemes of
vacancies under equilibrium conditions. Only under ex-the C and Si vacancy appear essentially within the funda-
tremely C-rich preparation conditions and higidoping lev-  mental gap closer to either the conduction-band edge or the
els the formation energy ofg;” approaches the values for C valence-band edge. The position of the two term schemes in
vacancies. The reason for this behavior is not essentially rehe fundamental gap reflects the energetical ordering of Si-
lated to the vacancy itself. In any case four Si-C bonds havand C-hybrid energies, since the Si- or C-dangling hybrids
to be broken during the vacancy creation. Rather, the energyasically form the defect states of the C-site or Si-site va-
gain to bring the atonfoccuping the vacancy site before the cancy. The center of gravity of the level scheme of the Si

C. Electronic structure
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TABLE II. lonization energiegin eV) of C and Si vacancies in

3C-SiC with respect to the VBM. Unstable levels are indicated by

parentheses.

C vacancy Si vacancy
Level LDA LSDA LDA LSDA Ref. 10
(+/++) 1.74 1.72 0.41 0.34 0.42
(0/+) 1.39 141 0.61 0.43 0.54
(—/0) (2359  (2.39 1.39 1.11 1.06
(=—1-) (2.35 (2.35 1.65 1.94 1.96

vacancy 1.02 eV above the VBM is closer to the valence

bands. Nevertheless, it represents an amphoteric defect a
not a pure acceptor.

The situation is different in the case of the C-site vacancy
The center of gravity of the level scherwithout the nega-
tive charge statg€.83 eV below the CBM indicates a more
donorlike character. The occurrence of the —/- level in
the conduction bands corresponds to the fact that the twofol

negatively charged C vacancy cannot exist. The extra elec
tron is immediately donated into a conduction-band state or,
in other words, it remains localized at a shallow donor in the

crystal. The second interesting fact concerns the level orde
ing. Whereas the term scheme of thgrelated charge-

dependent defect levels of the Si vacancy exhibits the usua

ordering, the donor level;(0/+) lies below the donor level

ep(+/++) in the carbon case. The reason is the same a:

mentioned during the discussion of the metastability/gf.
According to Eq.(9) it seems that the effective Coulomb
energyU would be negativéwith a valueU=—0.35 eV)
instead of positive. When the chemical potentigl of the
electrons is raised, there is a transition frafg ™ to V2

because the energy gained by the stronger distortion due t

the second electron occupying aderived level overcomes
the Coulomb repulsion of adding the second electron.

The principal findings of Fig. 3 are also reflected within a
single-particle picture(cf. Fig. 4 constructed from the
Kohn-Sham eigenvalues of the DFT-LDA in a 64-atom su-
percell. The fundamental gap Btin the projected bulk band
structure(shaded regionrepresents the Kohn-Sham gig
=1.32 eV. The defect bandsolid lineg have been identi-
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FIG. 4. Band structures of the sc supercell arrangements of 64
(63)-atom cells versus the high-symmetry liiX in the little Bril-
louin Zone(BZ) for C and Si vacancies. The projected bulk bands

fied by studying the wave-function squares of the supercelire indicated as shaded regions. The solid lines indicate the calcu-

bands along thd'X direction. The lowera,-derived band
lies deep in the valence bands independent of the chemic

C vacancy

spin

Si vacancy
without spin

with spin

/
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.
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lated vacancy bands with,-, e-, anda;-like (D,q Ssymmetry or t,-
ahda;-like (T4 symmetry character.

nature of the vacancy. It is therefore always occupied with
two electrons. Because of the vacancy-vacancy interaction it
shows a substantial upward{ symmetry or downward
(D,gq symmetry dispersion alond"X. The t,-related bands
possess a dispersion with lower energies at X in comparison
to the values at’. In the T4 case they are threefold degen-
erate afl". The corresponding splitting ;7 of the bands into
b,- and e-like bands characterizes the strength of the Jahn-
Teller distortion, i.e., the pairing mechanism in g, case.

In the Si case the,-related bands are located within the
fundamental gagcf. Fig. 4). For thek point set used in the

FIG. 3. Energy-level scheme for the silicon and carbon VacanC)StrUCtUral Optimization the OCCUpation of the bands is correct.

centers in 3C-SiC. Energy levels shown result from LDA or LSDA
calculations within the 216-atom supercell approach.

For theV¢{ vacancies the situation is more difficult since the
t,-derived defect bands show a tendency to approach or to lie
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. TABLE III.. Defect level energies and Jahnl-TeIIer splittings de- overlap in theVé case remains critical. However, checking
rived from a fit of the DFT-LDA bands according to Ref. 6. Bands the orbital character of the highest occupied states at the
obtained for 64-atom supercells have been used. All values are i§ingle k point, we find that for\/é indeed localized defect
units of eV. The VBM represents the energy zero. stategcorresponding to the lowesp-derived banglare occu-

pied and no extended conduction-band states. Hence, we re-

V A .
acancy ‘2 t il ally describe the ground state of thg vacancy and, there-

"7 —-3.88 1.61 1.04 fore, the negativéd behavior of the carbon vacancy. This

Ve —3.88 1.61 1.16 effect is stabilized with increasing size of the supercell used.

V2 —3.88 1.62 1.13 For a 64-atom supercell the value is only—0.30 eV, com-

Ve ~0.08 1.73 0.00 pared to -0.35 eV in the 216-atom cell. That means that the

Vs —0.04 1.73 0.00 negative behavior is more pronounced for larger super-
cells. Therefore, we claim that the prediction of the negative-

Vsi 0.03 0.82 0.00 U behavior of the positively charged carbon vacancy is cor-

Vs, -0.09 0.62 0.00 rect.

Ve, -0.17 0.43 0.00

s -0.20 0.25 0.00 S

V§i+ —-0.24 0.10 0.00 D. High-spin states

: - —— Table | clearly shows that within the LDA the driving

in the conduction bands. The application of the procedure ofprces for a Jahn-Teller distortion are not significant in the
Ref. 6 to fit the DFT-LDA defect bands to analytical expres-case of the Si vacancy. The lock} symmetry is conserved
sions obtained within a nearest-neighbor vacancy tightyithin the accuracy of our calculations and the ground state
binding picture gives formally rise to the level energigs  of the Si-site vacancies should be degenerate apart from the
and &t, (T4 case as well as the Jahn-Teller splitted levels double positively charged one. This is an important argument
8e=8t2+(1/3)AJT and 8t2=8t2_(2/3)AJT (D,q case. The against, e.g., a or_1e—e|e_ctron config_ur_ati;n%lgl of the Vgi
corresponding values are listed in Table Il In the Si casdlefect. In order to investigate the spin influence on the defect

there is a moderate dependence on the charge state. In tffimation we perform calculations also within the frame-
average it holds, =0.3%F, ande, = —0.12,. For the C work of the LSDA. We start from the geometries optimized
2 1

) ; . within the LDA. The spin-dependent exchange-correlation
vacancies one observes a drastic Chaﬂge with the .Symmet(XC) effects are studied by adding the total-energy differ-
Iowermg. W_hereas the center of gravity of thgderived ences between LSDA and LDA, calculated by taking into
states is with st2=1.27Eg more or less conserved the account only thel' paint in the k-space sampling, to the
a;-level moves frome, =—0.05, to &, =—2.94; ac- | DA results. According to Fig. 4 only at thE point the
companied by a remarkable Jahn-Teller splittidg;r  t,-derived bands simulate the orbital degeneracy being typi-
=0.84E4. The results for the, levels agree with results of cal for t, levels of a defect with spatidl; symmetry. Oth-
simplified tight-binding calculatiortd or linear-muffin-tin  erwise the explicit consideration of the band splitting due to
orbital (LMTO) treatment¥ for the neutral vacancies. The the vacancy-vacancy interaction would prevent the formation
values of these calculations asg,=0.23 or 0.1&, (V2) of high-spin states as an artifact of the supercell approach.
andst2=0.69 or 0.6&, (Voc)- The total defect energies with spin-dependent XC effects are

The DFT-LDA band structures shown in Fig. 4 for the alslo I|?]ted n Ta?lehl. b ies th in eff

carbon vacancies also make obvious several problems of the n the case 0++t € 8"’“ on vacancies the spin effects are
supercell approach. They are formally indicated by the Ocpegl|g|blg. ForVF ' V ' z_;md Ve . the total spinS of the .
currence of defect bands within the conduction bands for thgYSt€™M 1S 2ero; a situation W+h'ch we correctly describe
carbon vacancy. As already mentioned, the lowestVithin the LDA. In the case oW/ with a total spinS=1/2
conduction-band states are occupied instead of defect-relatdd€ €nergy lowering is small with 0.02 ev. The situation Is
bands forVg and Vg~ . This is also the reason why the Similar for the defectsVs;” (S=0) andVs; (S=3) with
ionization levels /0) and (——/—) lie more or less ex- €Nergy lowerings of 0.00 and 0.07 eV for the ground states

actly on the conduction-band minimutfig. 3). Another se- 'A; or 2T,. However, the picture is completely changed for

rious problem is related to the dispersion of the highest OCfghe neutral and negatively charged Si-site vacancies. Accord-

cupied defect band in th&. case. In a 64-atom supercell Ing go Hund's r%le hlgh-spin3sta'£es appiar' The groﬁup(é“states
this band overlaps partly with the conduction bands due t&€ T1 (S=1Vs), "A; (S=3,Vg), and"T, (S=1Vs;")

the vacancy-vacancy interaction. As a consequence, depenffith €nergy lowerings\E of 0.24, 0.53 or 0.25 eV. The XC
ing on thek point, the occupation of the states could peEffects lower the energy approximately according to the re-

wrong, especially near tHe point. Therefore it is necessary 12ION AE~0.24 eVX s _ _

to enlarge the supercell in order, on the one hand, to reduce 1he mechanism of gaining energy is accompanied by a
the interaction, and on the other hand, to reduce the numb@&rong XC splitting of thd;- andt; levels and, hence, with a
of k points. The latter point makes it easier to guarantee thélling of the energetically lower lying spin orbitals, e.g., the
correct occupation of defect levels. A combination of a treat-SPiN-up orbitals. These splittings of thglevel amount 0.26
ment in a 216-atom supercell and the use of only one specidVs). 049 (V2), 0.72 (V5), and 0.54 Yg;") eV. The re-

k point, which results from a (22x2) Monkhorst-Pack ~sulting one-electron configurations asét,' (V2), ajt)'!
mesh, fulfills these criteria, although the situation of the bandVs;), anda?t}!'t} (V5,”), maximizing the effective spin in
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agreement with Hund’s rule. Due to the four C-dangling [0001]

bonds surrounding a Si-site vacancy the situation is similar

to that for the monovacancies in diamond. This concerns the

outward relaxation and the conservation of the logal

symmetry>°=>" but also the formation of the high-spin [i100]

states® The findings that the high-spin configurations are O\ Q7

stable are in complete agreement with another DFT-LSDA 3 €@ W ]

calculation using the LMTO method to calculate the elec- si2)

tronic structuré® Also ESR spectroscopyclearly indicates Q /? q \ ' 7

the existence of th&/g; center in aS=3/2 state and in an cm ‘ “n ]

environment withT4 symmetry. ' h
The influence of the spin-dependent XC effects on the ‘/’TS'“) ] A1) -

defect ionization levels is represented in Fig. 3 and Table . c( 1 i}

The effect is small for the C vacancies. Also the negative- L

behavior is only weakly influenced. The most important '/‘ Si(1) L] //i Si(2) -
changes happen for the Si-site vacancy. The splitting of the [C(1) ‘ ) N
two levels (—/0) and (——/—) is symmetrically enlarged, si(1) J , T
whereas the splitting of the levelst(+ +) and (04 ) is o O S0 Q
slightly decreased. The resulting energy levels are in reliable A B c A A B C A

agreement with the calculations of Wimbauetral1°. The

unit cells are denoted b#, B, andC. The cubic k) or hexagonal
(h) character of Si-C bilayers in tH®001] direction is given ac-
cording to the parallel) or nonparallel f) limiting bonds.

are slightly in contrast to otheab initio calculations using
128-atom supercelfé. Torpo et al. find larger distances of
the (+/++) and (04 ) levels with respect to the VBM.

of the higher single-particle vacancy levels occur in contrast
E. Influence of crystal structure to the 3C case, i.e., also the negatively charged C vacancies

The most striking differences between the hexagonagXist in 4H-SiC. o o
p0|ytypean and the zinc-blende one 3C concern the in- Results of the tOtal-energy minimizations W|th|n the DFT-
crease of the number of atoms in the Superce” by a factor LDA (Cf Table I\/) are presented in Flg 6 for the formation

and the change of the space-group symmetry fibfnto ~ €nergies of C and Si vacancies in 4H-SiC at inequivalent

Cév- They arise from the change of the stacking Sequenc@ttice sites and in different charge states. They are very

ABC (3C) to ABCB (e.g., 4H as indicated in Fig. 5. We similar to those already discussed in the case of the cubic
restrict the consideration of the hexagonal polytypes to th@qutype._ Th? vartlﬁtlonhs are O]]: ttr?e or_?er I(I)f Oalﬂfv'. 'I;hey
4H one. It is the hexagonal polytype with the smallest unit"’mf’e rgaltr;]y r;nm ec a:]%ecf) I ? un dC?) al?t tr?omh

cell that contains inequivalent atomic sites with either cubic>®t and, therefore, cannct be 1ully traced back {o the change

(k) or hexagonal If) character. The tetrahedrons aroundOf _the stacklng_sequence of the Sl-C_blIayers along dhe_
these lattice sites are differently deformed. Hence, the darfXiS- Only the differences between cubic and hexagonal sites
gling bonds localized at each atom and contributing to the?f maximum values of about 0.12 eW§) and 0.20 eV
bonding are not anymore completedy® hybrids. (Vg are real consequences of the stgcklng. The larger
Three important consequences occur for the vacancies ighanges in the total energies, and formation energies,of
4H in comparison to 3C. andVy ~ follow from the higher excitation energies for elec-
(i) There exist two inequivalent carbon and silicon vacan4rons. The energies are lowered by about 0.8 ¥¥ ) and
cies in accordance to the two inequivalent shdatoms 1 or 1.8 eV (X=Si) per electron in the average mainly as a con-
1’ in Fig. 5 or k (atom 2 or 2 in Fig. 5, from which an  sequence of the increase of the gap in 4H. This fact makes
atom may be removed. the occupation of defect levels in the fundamental gap by
(i) The inequivalence of the dangling bonds surroundingelectrons more likely. The different energies per electron re-
a vacancy gives rise to a splitting of thg-vacancy level flect the fact that the Si vacancy levels are closer to the VBM
which is threefold degenerate in 3C already without structhan the C-related ones. Consequently the energy gain is
tural relaxations. In other words, the local point-group sym-larger for X=Si. Figure 6 clearly indicates that in the ther-
metry is already reduced G5, in comparison tdl4 (ideal ~modynamic equilibrium the formation of the vacancies
vacancies in 3C-SiC The structural optimizations of the to- hardly depends on the cubic or hexagonal character of the
tal energy are therefore performed without a symmetry recorresponding atomic site. The site-induced variations are
striction. small compared to the formation energy itself. Generally, it
(iii) The change of the stacking sequence results in aholds that the formation of a €Si) vacancy is slightly fa-
increase of the fundamental energy gap by about 1 eV frorwored on a cubi¢hexagonal lattice site. Only theVg;~ de-
3C to 4H. This remarkable change in the electronic structurdect deviates from this rule.
will influence the energetical stability and the ionization lev-  The interpretation of the atomic relaxations around the
els of the vacancies. No problems concerning the occupatiovacancies is rather complicated due to the wide loss of local
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TABLE IV. Geometrical changes around a vacanéy at a cubic(k) or hexagonalh) lattice site in
4H-SiC for the three inequivalent nearest-neighbor atGmgercentage of the bulk bond lengtfhe total
energy of the 128-atom supercell is calculated as in LDA and L$iDAvarenthesgs

Vacancy  Site b (%) b? (%) b (%) pi (%) p? (%) pS(%) Total energy(eV)

Ve K -3.0 -30.5- -3.5 7.7 0.8 8.6 2.682.68
h -3.0 —-30.4 -1.9 9.1 1.6 5.8 2.742.74
Ve k -1.8 -155 —4.4 1.2 8.5 11.7 3.573.50
h -8.8 —-2.4 -15 11.1 27 3.7 3.673.59
V2 k -25 -45 -3.0 9.7 10.9 11.7 4.034.03
h -2.7 -5.0 -25 10.5 9.8 10.1 4.1%4.15
V¢ K 25 1.4 2.3 3.8 4.3 45 2.712.69
h 2.7 0.5 3.0 3.9 2.9 4.2 2.7R.7)
Vet k 6.0 6.0 7.5 0.0 0.0 0.0 0.98.98
h 5.9 5.9 6.1 0.0 0.0 0.0 1.08L.03
Vs K 9.9 9.9 8.0 -0.5 -0.5 0.0 4.874.63
h 8.3 8.3 7.6 0.4 0.4 0.0 4.924.66
Vs, k 9.8 9.8 8.1 -0.2 -0.2 0.0 6.485.96
h 8.8 8.8 7.7 0.4 0.4 0.0 6.48.99
e k 10.3 10.3 8.1 0.4 0.4 0.0 8.3(.05
h 9.6 9.6 8.0 0.8 0.8 0.0 8.287.97
Vi k 10.6 10.6 9.8 0.4 0.4 0.0 7.947.84
h 10.5 10.5 9.2 0.6 0.6 0.0 7.807.66
\Vps k 10.9 10.9 13,5 -0.2 -0.2 0.0 7.79.79
h 11.5 11.5 10.5 0.3 0.3 0.0 7.5.59

symmetry, particularly in the case of the C-site vacancies. For V¢ and Vg a Jahn-Teller distortion occurs. The un-
Nevertheless, even in the case of carbon vacancies one poimferlying local symmetry group is indee€,,. But the
group symmetry operation survives as a consequence of thiplacements of the nearest-neighbor atoms are similiar to
superposition of th€;, crystal symmetry and the locBl>q  the corresponding values of C-site vacancies in 3C<8fC
defect symmetry known from the C-site vacancies in 3Crapje |). V2 exhibits a pronounced pairing mechanism inde-
SIC. The resulting symmetry group @y, consisting of oné  nongent of the cubic or hexagonal character of the lattice
mirror plane and the |dent|§y operation. A.S a consequencgite’ and the transition from the outward-breathing to the
two of the three nearest-neighbor atoms in a plane perpen- . : 0
dicular to thec axis remain equivalent. Hence, the dispIace-'nward'breath,lng modﬁeﬁoccurs changmg frifg .to Ve In
ments of three inequivalent nearest-neighbor atoms have {9 caseé oV¢ and V¢~ the relaxation behavior changes
be studied. The geometrical relaxation of each of these indrastically. If these charge states would exist in 3C-SiC a
equivalent atomsiE 1,2,3) is, as in the 3C case, Character_furthgr.symmetry reduction would be necessary to lift the
ized by an individual breathing and pairing paramegir ~ "émaining degeneracy of tti2,q ground state. For example,
Fig. 1, but transformed into hexagonal coordinatékhe  an additional symmetry reduction froB,g to C,, could be
small deformations of the tetrahedrons in the defect-free 4Hexpected. This is qualitatively what happens in 4H-SiC in the
SiC latticé>%° are neglected. In Table IV three breathing case of a single negatively charged C vacancy. The symme-
mode parameters' and also three pairing mode parameterstry Of the resulting local geometry is quite similiar toCg,

p} are listed. In each case the first parameter represents tf¥MMmetry in a distorted cubic lattice. The geometrical situa-
two nearest-neighbor atoms of the vacancy which are equivdion is the same as fob,q symmetry in the case o¥c,

lent due to the mirror plane. The remaining two nearestexcept that the additional electron d¢ strengthens one of
neighbor atoms lie within the mirror plane and have theirthe two dimerlike bonds between the paired nearest-neighbor
own parameters each. We identify the third atom as tha@toms. The shorter bond length is about 2.6 A, the longer one
above the vacancy in theaxis direction. As in the case of about 2.9 A

3C-SiC there is no necessity to introduce the second pairing The double negatively charged C vacancies show a com-
mode parametep,. The relaxation pattern of vacancies in pletely different behavior. Their relaxation pattern resembles
4H-SiC resembles the one in 3C-SiC. In the charge statgore a localC;, symmetry. One of the four nearest neigh-
++ no driving forces for a symmetry reduction exist and thebors of the vacancy shows an extremely large displacement
C,, symmetry is conserved. This also holds for Si-site va-towards the vacancy site of about 30% of the bond length.
cancies in the other possible charge states, at least within tHéhe distance to the other three nearest-neighbor atoms is
accuracy of our calculations. The principal outward breathWwith about 2.5 A even shorter than the bond length of about
ing mechanism is conserved. The pairing-mode paramete®8 A of the paired atoms iW2 and comparable to the dis-
are almost zero and the three breathing paraméxkrd?,  tance of the stronger paired atomsMg . For a cubic lattice
andb?® vary only weakly with the nearest-neighbor atom. like 3C-SiC this behavior would be understandable if
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FIG. 6. Formation energy of @) and Si(b) vacancies in 4H-SiC as a function of the Fermi-level positignfor the two extreme
preparation conditiond u=AH; andAu=—AH;. Solid line: cubic site vacancy, dashed line: hexagonal site vacancy.

one takes into account that the degeneracy of the grounplacements calculated in DFT-LDA and DFT-LSDA. In the
state of a double negatively charged C vacancy could b&atter case one finds a local geometry around the vacancy
already lifted by a symmetry reduction frofy to C5,. In  which is somewhat mord y-like as in DFT-LDA. Using

this case the former threefold degeneratebtbvel splits into EPR and ENDOR such a high-spin state has been observed
a nondegenerate, and a twofold degeneraedevel. In such  for the single negatively charged Si vacancy in neutron-

a configuration it is possible to create a nondegeneratgradiated 4H-SiC° The magnetic resonance parameters of
ground state if the twofold degeneraidevel is completely v, are found to be almost identical for the polytypes 3C,
occupied and the, level remains unoccupied, i.e., if the 44, and 6H. This fact supports our hypothesis that the local
level lies energetically below the,; level. environments of this Si vacancy are rather similar and nearly
The spin effect is also represented in Table IV. We ob-represent th@y symmetry as in the cubic polytype.
serve the same situation as in the cubic case. The total spins The jonization energies of the C and Si vacancies in 4H-
for the charge stateg=+, and ++ are S(Vx)=1/2, and  SiC are listed in Table V. Results obtained within LDA and
S(Vx ") =0 independent of the chemical and structural charL{.SDA are given. Figure 7 shows the resulting energy-level

acter of the considered lattice site. Drastic differences bescheme. The dependence on the cubic or hexagonal character
tween C and Si vacancies occur for the neutral and negative

charge states. It holdsS(VQ)=0, S(Vc)=1/2, and TABLE V. lonization energiesin eV) of C and Si vacancies at
S(Vc )=0 due to the formation of dimerlike bonds, cubic (first valug and hexagonaisecond valugesites in 4H-SiC
whereas the corresponding total spins in the Si case anmeith respect to the valence band maximum.

S(V2)=1, S(Vg)=3/2, andS(V5, )=1, i.e., the energy
gain due to spin-dependent exchange and correlation domi- C vacancy Si vacancy
nates this kind of vacancie_s an(_j forces the formation_of high; evel LDA LSDA LDA LSDA
spin states. Jahn-Teller distortions and accompanying sym-
metry reductions are a consequence of the energy gain due (e /+ +) 1.73,1.74 168,168 0.17,0.23 0.06, 0.08
the formation of bondlike structures. An energy gain due to(0/+) 1.32,1.38 1.37,1.44 0.36,0.42 0.20,0.31
the spin-dependent exchange, on the other hand, forces tie o) 281,278 274,271 141,147 1.19,1.28

creation of a geometry with a symmetry as high as possible.— —/ ) 238,235 245242 169, 1.76 1.94,1.95
This behavior can be observed if one compares atomic dis
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Si vacancy C vacancy They remain neutral or single negatively charged. This fact
seems to indicate an identification as/Q) or (0/+) level,
in reasonable agreement with the level positions in Table V.
A similar behavior with respect to annealing and charging
has been observed for electron-irradiatgetype 4H
— sample$? Levels atE,+0.87 eV andE,+1.30 eV with
—_— ) — L _ associated cross sections< 70~ ¢ or 3x107° cn? have
— been derived. The lower level could be related to/@) of
the Si vacancy, whereas the level higher in energy could be
identified with one of the lower C vacancy levels. The con-
centration of the defect related to the higher level increases
with annealing temperature until 1300 K. Above 1600 K
FIG. 7. Energy-level schemes for Si and C vacancies at cubi@0th defects cannot longer be detected. However, the identi-
and hexagonal sites in 4H-SiC. Results are obtained from LsDAfication of the levels observed within DLTS is Cor_npllceﬁféd
calculations within a 128-atom supercell approach. and, because of missing additional information, highly
speculative.
of the site is weak. Nevertheless, a unique tendency is ob- Another indication for vacancy levels may be found in
served for Si-site vacancies. On average the ionization levelhotoluminescence spectra. For instance, after fast-neutron
of the vacancies at hexagonal sites are shifted by about 0.0gadiation and subsequent thermal annealing at 120R¢<.
eV (in LDA) towards the conduction-band edge. The C va-64) the polytypes show a strongly luminescedt;§ center.
cancy in 4H-SiC exhibits a similar negativé-behavior as In electron-irradiated 3C-SiC it is accompanied by a zero-
found for the cubic polytype, not only for positively charged PhononE line, both lines slightly below 2 eVRef. 2. With
C vacancies but also for negatively charged ones. Within théising hexagonality of the polytype tHe, line is shifted to
LDA the normal energetical ordering of the levels higher energies in agreement with the corresponding gap
(+/++) and (O4) as well as /0) and (——/—) isin-  opening. In electron-irradiated 4H samplesriBan et al®
terchanged. One derives the parametets=—0.41 observed two sharp zero-phonon luminescence lines at pho-
(—0.36) eV for the positively charged vacancies at a cubidon energies of 1.35 and 1.44 eV. Because of the results of
(hexagonalsite orU= —0.43 (—0.45) eV for the negatively optically detected magnetic resonance instead of “the
charged vacancies at a culfiexagonalsite. After inclusion ODMR™ measurements they argued that these lines originate
of the spin the tendency of a negatidebehavior is some- from an internal transition of the neutral silicon vacancy, at
what reduced toU=—-0.29 (—0.24) eV andU=-0.29 least a silicon vacancy with an even number of electrons in
(—0.29) eV, respectively, but remains significant. order to explain the high-spin staf=1. The occurrence of
Despite the different crystal structures of 3C and 4H andfwo different lines in 4H is related to the two different in-
hence, the presence of a crystal-field splitting of the singleequivalent lattice sites for the generation of a Si vacancy. A
particle vacancy levels and the much larger energy gap in theimilar explanation is given for the sharp zero-phonon line at
4H case, the level schemes in Figs. 3 ar@ables lland Yy  3.15 eV of the vacancy-related luminescence in dianfdnd.
are not very different, apart from the ionization levels Breuer and Briddo® interpret it as a transition between a
(—/0) and (——/—) of the carbon vacancies, which prob- “T, excited state into A, ground state of th&/c vacancy
ably do not exist in 3C-SiC. In comparison to the 3C case thavith the single-electron configuratiorsgjt,' 't and a?t}'".
levels in 4H-SiC are hardly shifted. Their energetical posi-Following this picture, the observations of rémn et al°
tions with respect to the VBM are more or less the sameshould be related to a transition eithef@”aafty or
Only the lowestV; levels are lower in energy by about 0.1 51tJ171!_,a2t1"1!  Unfortunately, the excited vacancy

eV. It seems that these excitation levels follow the Langerxtates cannot be easily calculated in our DFT-LDA ground-
o 59 - .

Heinrich rule> The alignment of such deep levels of the state theory using plane waves and supercells. However, the
same nature within the fundamental gap of two semiconducopserved photon energies are plausible considering our re-
tors determines the valence-band discontinuity between thejis. The observed transition energies are smaller than the
semiconductors. The application of this rule to the situationgnization energies of€/0) or (——/—) of the Si vacancy

of the lowest vacancy levels in 3C- and 4H-SiC would ex-jy Taple Vv, which may be interpreted as the energies for
plain the almost vanishing valence-band discontinuity with &g|ectron transitions from the conduction band into defect
tendency that the VBM in 3C is lower than in 4H and the giates. According to the energy vaILm§l andstz in Table

fact that the entire gap discontinuity appears as the banﬂl we find in the single-particle picture excitation energies of

: ,45
offset for the conduction bands: 8.79 eV Vg ) or 0.60 eV (vgi). Considering electron re-

Experimental data about the vacancy levels are rare and, ”. . " .
moreover, concern more or less irradiated samples. DLT§UIS|0n effects and the pont_ype influence, transition energies
of 1 eV or more are not unlikely.

represents one sort of experiments. In the casetgpe 4H
two defect levels have been observed that may be related to

cubic hexagonal cubic hexagonal

(~/0) - —_— 0/+)

0/

carbon vacancies. Deep in the fundamental gapEat IV. SUMMARY
—1.49 eV (Ref. 60 or Ec—1.65 eV (Ref. 6] a level is
observed associated with a capture cross section of*y Within the DFT-LDA and, respectively, DFT-LSDA we

2x 101 cm?. The corresponding defects are stable untilhave performedirst-principlescalculations to study possible
annealing temperatures of 800—1300 K or at least 1000 Kstructures, spin states, and accompanying electronic levels of
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the monovacancies in different SiC polytypes. More in de-served for the 4H polytypes. There are slight variations with
tail, we studied the local symmetry and the atomic displacethe inequivalent lattice sites in cubiclike or hexagonal bilay-
ments around the vacancy in dependence on the charge stae in the unit cell. The most important changes are related to
of a vacancy with a certain chemical origin and at inequivathe enlargement of the fundamental energy gap by about 1
lent lattice sites in the case of the hexago@l) polytype.  eV. As a consequence, for instance, the neutral and the two-
The energetics of the defect formation has been discussddid negatively charged C vacancy are now favored in a
versus the crystal doping and the preparation conditions. lonwider range of doping levels.
ization energies of vacancies have been studied in depen- The ionization levels of the Si vacancy are close to the
dence on the number of electrons occupying the defect lewalence-band maximum. In the case of the C vacancy these
els. The total spin of these electrons followed from thelevels are higher in energy and approach the conduction-
minimization of the total energy with respect to the electronband minimum(3C) or, in the average, midgap positions
densities related to the two different spin projections. (4H). They follow the trend defined by the energetical posi-
In the cubic case we observed a tendency for pairing ofions of the hybrid energies of the surrounding atoms. The
two Si atoms neighboring the C vacancy site. If more thamormal energetical ordering of the two ionization levels
two electrons occupy the defect states, it gives rise to th¢+/+ +) and (04 ) of the C vacancy is destroyed for both
local D,y symmetry. On the other hand, the atoms aroundholytypes 3C and 4H, and the same holds for the levels
the Si vacancy keep thik; symmetry. The mechanism of the (—/0) and (—~—/—) in 4H. The fact that the level
reconstruction around the vacancy is governed by an inwar@+/+ +) lies above (0f) and (—/0) above ~—/—) can
breathing and a pairing for the neutral C vacancy. Negativelye interpreted as a negatite-behavior of the carbon va-
charged C vacancies seem not to exist in 3C-SiC. A hint fotancy. It is mainly a consequence of the remarkable energy
this conclusion is the appearance of the levels@) and gain accompanying the strong Jahn-Teller distortion in the
(——/-) in 4H-SIC. They lie with about 2.4 and 2.7 €in V2 case. The absence of such distortions in the case of the Si
LSDA) above the experimental value of 2.39 eV for the en-vacancies drives another mechanism in order to avoid a de-
ergy gap in 3C-SiC. Fow{ " and the Si vacancies an out- generate ground state. The arrangement of the electron spins
ward breathing reconstruction mechanism dominates. Iffor Vg™, Vg;, andV2, follows Hund’s rule. High-spin states
other words, whereas the C vacancy exhibits a significangive rise to the lowest total energies. The maximum total
Jahn-Teller distortion, such a symmetry Iowering is absent I@pm S=3/2in thevgi case is in agreement with experimen-
the case of the Si vacancy. Practically, the twofold positivelyta| observations.
charged C vacancy is the most favored one for a wide range
of semiconductor doping independent of the preparation con-
di@io.ns. Only for Ferm_i levels close to the conduction-band ACKNOWLEDGMENTS
minimum (n-type doping the neutral or the twofold nega-
tively charged vacancies are favored in the thermodynamic Discussions with N. Achtziger, P. DieaH. Helbig, and J.
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